A prominent feature of most if not all cancers is a striking genetic instability, leading to ongoing accrual of mutational changes, some of which underlie tumor progression, including acquisition of invasiveness, drug resistance, and metastasis. Thus, the molecular basis for the generation of this genetic diversity in cancer cells has important implications in understanding cancer progression. Here we report that homologous recombination (HR) activity is elevated in multiple myeloma (MM) cells and leads to an increased rate of mutation and progressive accumulation of genetic variation over time. We demonstrate that the inhibition of HR activity in MM cells by small inhibitory RNA (siRNAs) targeting recombinase leads to significant reduction in the acquisition of new genetic changes in the ge- 
Introduction
Genetic changes observed at the chromosomal level or at the nucleotide sequence level are associated with the development and progression of malignant phenotypes. Although some specific cancers are associated with and attributed to specific cytogenetic and molecular aberrations, for example, chronic myelogenous leukemia or acute promyelocytic leukemia, the majority of cancers display a complex spectra of diverse genetic alterations apparent at diagnosis and acquire additional changes with progression of the disease. 1 Because the large-scale chromosomal alterations that arise frequently in cancer cells occur infrequently in normal cells, [2] [3] [4] it implies that the control mechanisms that maintain the integrity of chromosomes in normal cells are disrupted in cancer cells.
A variety of intrinsic or extrinsic chemical as well as physical factors damage DNA in living organisms which, if not repaired, can lead to mutations and cellular transformation. The best known machinery involved in repairing potentially lethal DNA damage, especially double-strand breaks, is genetic recombination. 5 In fact the repair of DNA lesions may account for majority of the recombination occurring in mitosis. 6 Recombination plays an important role in maintaining the genetic integrity of a cell, including DNA repair 7 and proper segregation of chromosomes in meiosis. 8 In the normal cellular environment, recombination-associated proteins are highly regulated, precise, and exhibit considerable specificity for DNA sequences, which have either an extensive homology or a characteristic signal sequence. However, with its significant ability to modify DNA, if dysregulated, it can lead to genomic instability. Recombination can be induced by several chemicals, radiation, and oncogenic viruses. [9] [10] [11] [12] [13] [14] The induction or overexpression of a recombination pathway may result in DNA rearrangements, leading to oncogene activation 15 and/or the loss of hemizygous functional alleles of tumor suppressor genes.
Aberrant or dysregulated recombination has been implicated in chromosome translocation, 9, 16, 17 gene amplification, 18 and telomere maintenance 19 and may therefore underlie the chromosomal aberrations observed with high frequency in many cancers. Previous studies, from our group and others, have implied an important role of homologous recombination (HR) in the process leading to cellular transformation. 1, 9, 16, 17, [20] [21] [22] [23] [24] [25] In this study, we used multiple myeloma (MM) as a model cancer to evaluate the molecular mechanisms of acquisition of genetic instability and progression of cancer because significant chromosomal instability is observed in this malignancy, with more than 11 cytogenetic abnormalities observed per karyotype and with demonstrated progressive cytogenetic change over time in patient samples and in myeloma-derived cell lines. [26] [27] [28] Here we report that HR activity is constitutively elevated in MM cell lines and patient samples and demonstrate that the inhibition of HR activity leads to a significant reduction in the acquisition of new genetic changes whereas induction of HR activity leads to significant elevation in the number of new mutations over time and development of drug resistance in MM cells.
by Dr J. Epstein (University of Arkansas for Medical Sciences, Little Rock, AR), and MM1S was kindly provided by Dr Steven Rosen (Northwestern University, Chicago, IL). All cell lines were cultured in RPMI1640 medium supplemented with 10% fetal bovine serum (HyClone, South Logan, UT), as described previously [29] [30] [31] [32] and were maintained in a state of logarithmic growth. For RNA extraction, cultures were harvested at the same final cell density (5 ϫ 10 5 /mL) and immediately processed.
In accordance with the Declaration of Helsinki and institutional research board approval from Dana-Farber Cancer Institute, myeloma cells were isolated from bone marrow aspirate samples that were obtained with informed consent from patients with MM by positive immunomagnetic bead selection with the use of anti-CD138 antibodies and magnet-assisted cell sorting (MACS; Miltenyi Biotec, Auburn, CA), according to the manufacturer's instructions. We assessed the purity of plasma cells (Ͼ 95%) by monitoring cell-surface expression of CD38 and CD45. 33 
Recombination assay
HR frequency was measured with the use of a plasmid substrate as described previously. 21, 25 Normal and MM cells were transfected with a plasmid substrate for recombination, DR1. 34 After 36 hours, plasmid DNA was recovered, introduced into competent (RecA Ϫ ) Escherichia coli (Invitrogen, Carlsbad, CA), and plated on Luria-Bertani medium (LB)-agar plates with either ampicillin (to count total plasmid-transfected colonies) or ampicillin plus neomycin (to count recombined plasmids in which an intact neomycin resistance gene had been generated by recombination). After 16 hours, bacterial colonies were counted and the recombination frequency was calculated from the ratio of these 2 counts.
Gene expression analysis and biostatistics
Total RNA was isolated with an RNeasy kit (QIAGEN, Valencia, CA) and gene expression profile was evaluated with HG-U133 array (Affymetrix, Santa Clara, CA) representing approximately 33 000 human genes as described previously. 30, [35] [36] [37] [38] GeneChip arrays were scanned on a GeneArray Scanner (Affymetrix). Array normalization, expression value calculation, and clustering analysis were performed by the use of the dChip Analyzer. The invariant set normalization method was used to normalize arrays at probe level to make them comparable, and the model-based method was used for probe selection and to compute expression values. 39, 40 These expression levels were assigned standard errors based on replicates, which were subsequently used to compute 90% confidence intervals of fold changes in intergroup comparisons. The lower confidence bounds of fold change are conservative estimates of the actual changes.
Immunocytochemical detection of HsRAD51 and paralogs
Cytospins of normal plasma cells and MM cells were fixed in methanol/ acetone (1:1, vol/vol) for 10 minutes at Ϫ20°C. Fixed cells were rinsed, rehydrated in phosphate-buffered saline (PBS), and incubated for 2 hours at room temperature (RT) with rabbit polyclonal antibody to HsRAD51 or mouse monoclonal antibodies to HsRAD51B, HsRAD51C, HsRAD51D, XRCC2, and XRCC3 (Novus Biologicals, Littleton, CO). Immunostaining of RAD51 and paralogs were performed with the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA), as described by the manufacturer.
Small inhibitory RNAs and transfections
We designed 2 small inhibitory RNA (siRNA) duplexes targeting different regions of the HsRAD51 gene according to Harborth's criteria 41 for choosing sequences and making siRNA duplexes for target mRNAs. SiRNAs with sense-strand sequences 5Ј-AAAGAGCTTGACAA-ACT-ACTT-3Ј and 5Ј-AACTGGGAAGACCCAGATCTG-3Ј were submitted in a BLAST search of human EST libraries to ensure that other human genes were not targeted. Preannealed siRNA duplexes of the aforementioned sequences were purchased from Dharmacon Research (Lafayette, CO). SiRNA duplexes were transfected into MM cells by use of the TransIT-TKO Transfection Reagent (Mirus, Madison, WI), as described by the manufacturer. In brief, cells were plated in complete growth medium 24 hours before transfection, at 2 ϫ 10 5 /mL, and incubated overnight.
Immediately before transfection, TransIT-TKO Reagent was added dropwise to serum-free medium (RPMI 1640) and incubated at RT for 20 minutes. SiRNA duplexes (25 nmol/L each) were added to diluted TransIT-TKO reagent, mixed, and incubated at RT for 20 minutes. SiRNA-TKO complexes were then layered dropwise onto the cells and incubated as described. 41, 42 Promoter regulation of HsRAD51
HsRAD51 promoter was cloned upstream of a luciferase gene in a mammalian expression vector. The construct (HsRAD51P-LUC) was transfected into normal diploid fibroblasts, and the cells were then exposed to nickel chloride. After a 2-hour exposure, cells were lysed and luciferase activity was assayed with a Luciferase Assay Kit (Clontech, Mountain View, CA).
Genomewide loss of heterozygosity
We assayed genomewide loss of heterozygosity (LOH) as described (Affymetrix) to estimate genomic instability and ongoing DNA rearrangements. The HuSNP and 10K arrays (Affymetrix) allow human genomewide monitoring of approximately 1500 and 10 000 loci, respectively. Genomic DNA was isolated from myeloma cells cultured in the presence of recombination inhibitors or inducer, or without any addition, and polymorphic loci were amplified by multiplex polymerase chain reaction (PCR). PCR products were pooled, labeled, and hybridized to HuSNP or 10K probe arrays according to the manufacturer's directions. Normalization of arrays and analyses of data were performed with the DNA-Chip Analyzer (dChip) program. 40, 43 Genotype calls from cell samples harvested and frozen at the beginning of experiment (day 0) were used as baselines to identify new LOH loci in the treated cells.
Results

Homologous recombination activity is significantly elevated in MM cells
To investigate the levels of HR activity in MM cells, we used a plasmid-based assay for homologous recombination. 21, 25 We transfected diploid human fibroblasts, normal plasma cells from healthy donors, 6 MM cell lines, and malignant plasma cells purified from bone marrow of 3 different MM patients, with a recombination substrate plasmid. 21, 25 After 36 hours, plasmid DNA was recovered from these cells and the generation of a functional neomycin resistance gene, as a measure of recombination activity, was determined. As shown in Figure 1 , a significant elevation in recombination activity was observed in myeloma cell lines and primary myeloma cells, averaging 11-fold greater than the mean value obtained for normal cells (range, 5-to Ͼ18-fold; P Ͻ .0001). Significant elevation of HR activity also was observed in Barrett associated adenocarcinoma, another malignancy with pronounced and varied cytogenetic abnormality (data not shown).
Transcript and protein levels of recombinase and related genes are elevated in myeloma
To identify genes that may be implicated in the elevated HR activity and genomic instability in multiple myeloma, we evaluated a genome-wide expression profile of 6 myeloma cell lines, 15 myeloma patient samples, and 3 normal plasma cell isolates. We noted significant up-regulation of a subset of known recombinationrelated genes in MM cell lines and patient samples, relative to normal plasma cells (Figure 2A ). These expression results were reproducible between experiments (r ϭ 0.99). Transcript levels of number of HR-related genes, including endo-and exonucleases, helicases, HsRAD51D (implicated in homologous pairing, strand exchange and telomere maintenance), HsRAD51 paralog XRCC3, and RAD50 (implicated in double-strand break recognition/ signaling and telomeric recombination), were significantly elevated in MM cell lines and primary cells (Figure 2A ). Immunocytochemistry confirmed a marked up-regulation of these proteins in various MM cell lines, of which a representative example is shown in Figure 2B .
Myeloma cells acquire new genetic alterations over time
We investigated whether MM cells with elevated HR activity continue to acquire new genetic alterations over time. We used a genomewide LOH assay 44 based on single nucleotide polymorphism (SNP) genotyping with Affymetrix chips as a tool to estimate the rate of mutation and genomic instability. MM cells in culture were harvested at several time points, and the genomic DNA was analyzed with HuSNP arrays, which allow interrogation Figure 1 . Increased HR activity in MM cells. HR activity was measured with the recombination plasmid substrate. Generation of the neomycin resistance as a measure of recombination activity was evaluated by counting neomycin-resistant colonies and total plasmid-transfected was evaluated by ampicillin-resistant colonies. The recombination frequency was calculated from the ratio of these 2 counts. Recombination frequency is presented as number of recombination events per million transfected plasmid copies. of approximately 1400 genome-wide loci. Using the genotype calls from cell samples harvested at the beginning of an experiment (day 0) as a baseline, ARP cells acquired 5 and 123 new regions with LOH during 1 and 12 months in culture, respectively ( Figure 3A) ; similarly, we observed 3 new LOH regions during a period of 30 days in U266 cells ( Figure 3B ). Bone marrow samples collected from a myeloma patient before and after a 12-month interval also revealed 2 new LOH loci per 1400 sites examined in the genome ( Figure 3C) . Similarly, the myeloma cells were collected from 4 additional patients at 6-month intervals and evaluated for acquisition of new genomic changes with the use of 500k SNP arrays. In all 4 patients, we observed the acquisition of new genomic changes identified as new LOH increasing in number with time (data not shown), providing evidence of recombination or gene rearrangement events occurring in vivo.
Effect of inhibition and augmentation of HR activity on myeloma cells
We investigated whether induction or suppression of components of the HR pathway exert effects on HR activity and genomic instability. A siRNA, directed against both HsRAD51 and HsRAD51B, was transfected into ARP myeloma cells with elevated transcript levels of HsRAD51 (Figure 2A ). Transfection with HsRAD51 siRNA (transfection efficiency Ͼ 95%) was associated with loss of HsRAD51 protein expression in 86% plus or minus 4% For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From of the cells (Figure 4Aii ), relative to cells transfected with control siRNA (Figure 4Ai ), and 88% plus or minus 3% inhibition of HR activity ( Figure 4B ). Exposure to nickel chloride, which we had previously shown to be a potent recombinogen, 11 led to a 3.5-fold increase in the promoter activity of HsRAD51 recombinase ( Figure  4C ); 2-to 3-fold induction in the transcript levels of recombinase and related genes, including Rad51C, Rad51D, XRCC3, Rad23, and Rad50 ( Figure 4D) ; and a further 2-fold stimulation of HR activity in myeloma cells ( Figure 4E) .
Next, we evaluated whether inhibition or induction of HR could affect the frequency of acquisition of new genetic changes in myeloma cells. We cultured myeloma cells (ARP) without any addition or in the presence of HsRAD51-siRNA or nickel chloride, as described in the figure legends. We evaluated genome-wide LOH by comparing genotypes before and after the treatment. In 3 independent experiments, inhibition of HR by HsRAD51-siRNA reduced the acquisition of new LOH loci by 78% plus or minus 3.6% (mean Ϯ SEM; Figure 5A ,C), whereas treatment of cells with nickel chloride increased the number of new LOH sites by more than 12-fold ( Figure 5A,B) .
Homologous recombination mediates drug resistance in myeloma
We next evaluated the effect of HR induction, and the consequent increase in genetic aberrations, on the development of drug resistance in MM. Myeloma cells were cultured in the presence of a cytotoxic dose of dexamethasone (10 Ϫ8 mol/L), a potent drug used in the therapy of MM, with or without nickel chloride, a potent inducer of HR. 11 Cell viability was measured weekly. As seen in Figure 6 , no live cells were detected in cultures exposed to dexamethasone alone for 2 to 3 weeks, whereas in presence of nickel chloride, dexamethasone-resistant cells appeared to arise during the first week of exposure and predominated in the culture by day 21 (Ͼ95% live cells). Nickel chloride alone, at the same concentration, had no effect on cell viability (data not shown). To confirm the development of drug resistance, these resistant cells were exposed to a greater concentration of dexamethasone (10 Ϫ6 mol/L) for 1 week. Although all the control cells were dead at day 3, no significant effects were observed on the resistant cells ( Figure 6 ). These results recapitulate the observed in vivo development of drug resistance in patients after therapy and strongly implicate HR in this phenomenon.
Discussion
Genetic recombination, which occurs both in somatic tissues and in gametic lineages, plays a crucial role in repairing DNA damaged by a variety of origins. The process of recombination is well regulated and depends on a coordinated action of several proteins, including DNA damage recognizing/signaling proteins, topoisomerases, helicases, single-stranded DNA binding proteins, endonucleases, homologous base pairing (RAD51 and related) proteins, and DNA ligases. HsRAD51 recombinases are considered to be key players in HR. Rad51 proteins bind to both single-and double-stranded DNA and have both homologous-pairing and strand-exchange activities. 45 To date, 5 HsRad51 paralogs have been identified: XRCC2, XRCC3 Rad51B/Rad51L1, Rad51C/Rad51L2, and Rad51D/Rad51L3, 46 each with unique but overlapping mechanism of action providing redundancy to the system. Although recombination-associated proteins are highly precise and exhibit considerable specificity for DNA sequences that have either an extensive homology or a characteristic signal sequence, their expression may be elevated or induced by extrinsic (carcinogens, radiation and oncogenic viruses) [9] [10] [11] [12] [13] [14] or intrinsic (oxidative metabolites of food) DNA damaging agents, leading to increased recombination activity. If homologous recombination becomes constitutively activated, it may cause genomic rearrangements and lead to oncogene activation 15 and/or the loss of hemizygous functional alleles of tumor suppressor genes 47 and may therefore facilitate the acquisition and progression of a tumor and/or drug-resistant phenotype.
Several HR-related genes are consistently up-regulated in MM (Figure 2 ) as well as other cancers, [48] [49] [50] [51] and these are presumed to exert a concerted action to produce the high HR activity observed in primary cancer cells and all cancer cell lines tested (Figure 2 ). These appear to comprise either a single, nonredundant pathway or else multiple pathways with common regulatory elements, in that inhibition of specific components (RAD51 or endonucleases) is sufficient to dramatically suppress HR and genetic instability (Figure 4) . Additionally, up-regulation of many critical components of this pathway, observed in MM and other cancers, may underlie the striking increase in genetic instability characteristic of most, if not all, cancer cells. Consistent with this the elevated expression of RAD51, recombinase has been associated with a significantly shorter survival of patients with lung cancer. 52 Similarly, BRCA1 and BRCA2, which are known as breast and ovarian cancer susceptibility proteins, have been implicated in the regulation of recombinational repair through their interaction with HsRAD51 recombinase. 53 Mutations in these genes or in RAD51 itself are associated with aberrant recombinase activity, genomic instability, and development of breast cancer.
Although overexpression or mutations of HsRAD51 have been found in many cancers, [48] [49] [50] [51] the HR activity in these malignancies remains unexplored. Here we report increased HR activity and overexpression of several RAD51 paralogs and other HR-related transcripts and proteins in established MM cell lines as well as primary myeloma cells. We have confirmed our observation of elevated HR and expression of related genes in myeloma, in another malignancy, Barrett esophageal adenocarcinoma (data not shown), suggesting applicability of these findings in other cancers.
Because HR has been implicated in gene amplification 18 and rearrangement, 9, 16, 17, 25 we evaluated whether cancer cells with elevated HR activity continue to acquire new genetic alterations over time. Genomewide analyses that use SNP arrays (Affymetrix), 44 which allow investigation of more than 1400 LOH loci in the genome, could detect the acquisition of additional new mutations in myeloma cell lines over time. Moreover the bone marrow samples collected from a myeloma patient before and after a 12-month interval also revealed 2 new LOH loci ( Figure 3C ) of 1400 loci examined. These observations were additionally confirmed in 4 additional patients by collecting myeloma cells at 6-month intervals. These observations provide evidence of recombination or gene rearrangement events occurring in vivo. Each LOH "event" requires initial heterozygosity, a mutation such as gene conversion or deletion to eliminate either allele in a single originating cell, and then cell selection or population drift to reduce the frequency of the second allele to below detectable limits. Multiple LOH sites observed on different chromosomes ( Figure  2C ) argue against the possibility that they could have arisen from a single originating mutant cell already present in the population before the first observation. We further evaluated whether inhibition or induction of HR can affect the frequency of acquisition of new genetic changes in myeloma cells. Our data show that the inhibition of HR by siRNA directed at HsRAD51 significantly reduces the acquisition of new LOH, whereas its induction by nickel chloride significantly increases the number of new LOH sites in myeloma cells.
Genomic instability and continued acquisition of additional genetic changes are widely believed to underlie progression of cancer, including the development of more aggressive phenotypes as well as the development of drug resistance 1, 17, 21, [23] [24] [25] ; however, evidence of causation has been elusive. We therefore evaluated the effect of HR induction, and the consequent increase in genetic aberrations, on development of drug resistance in multiple myeloma. Induction of HR in myeloma cells cultured in the presence of a cytotoxic dose of dexamethasone (10 Ϫ8 mol/L), led to development of dexamethasone resistance in a short period of time. These data recapitulate the observed in vivo development of drug resistance in patients after therapy and strongly implicate HR in this phenomenon. We therefore propose that continued acquisition of new genetic changes mediated by HR, as demonstrated here, leads to a progressive growth advantage to malignant cells, progression to increasingly malignant phenotypes, and development of drug resistance.
The main source of elevated/dysregulated HR activity in myeloma can be the deregulated/mutated recombinase and/or other HR protein(s). We chose hsRAD51 recombinase as a target to inhibit HR because it possesses multiple activities required for the process in a single protein and plays a predominant central role in this activity. However, the myeloma cells treated with RAD51-siRNAs had reduced expression of several other HR-related proteins, including Rad23B (implicated in damage detection), endonuclease G (implicated in initiation of HR), endonuclease GL2, endonuclease nTH1, endonuclease FEN1, RAD50, and RAD51 isoforms RAD51C and XRCC2 (Table 1) . Reduced Gene expression profile was measured in ARP myeloma cells after transfection with control siRNA or siRNA directed at HsRAD51 and RAD51B as described in "Methods." Fold reduction in the expression of HR genes in cells transfected with RAD51 siRNA relative to control cells is shown.
HR indicates homologous recombination; and siRNA, small inhibitory RNA.
